Here, we report the catalytic degradation of organic compounds by exploiting the magnetoelectric (ME) nature of cobalt ferrite-bismuth ferrite (CFO-BFO) core-shell nanoparticles. The combination of magnetostrictive CFO with the multiferroic BFO gives rise to a magnetoelectric engine that purifies water under wireless magnetic fields via advanced oxidation processes, without involvement of any sacrificial molecules or co-catalysts.
Abstract
Here, we report the catalytic degradation of organic compounds by exploiting the magnetoelectric (ME) nature of cobalt ferrite-bismuth ferrite (CFO-BFO) core-shell nanoparticles. The combination of magnetostrictive CFO with the multiferroic BFO gives rise to a magnetoelectric engine that purifies water under wireless magnetic fields via advanced oxidation processes, without involvement of any sacrificial molecules or co-catalysts.
Magnetostrictive CoFe2O4 nanoparticles are fabricated using hydrothermal synthesis, followed by sol-gel synthesis to create the multiferroic BiFeO3 shell. We perform theoretical modeling to study the magnetic field induced polarization on the surface of magnetoelectric nanoparticles. The results obtained from these simulations are consistent with the experimental findings of the piezo-force microscopy analysis, where we observe changes in the piezoresponse of the nanoparticles under magnetic fields. Next, we investigate the magnetoelectric effect induced catalytic degradation of organic pollutants under AC magnetic fields and obtained 97% removal efficiency for synthetic dyes and over 85% removal efficiency for routinely used pharmaceuticals. Additionally, we perform trapping experiments to elucidate the mechanism behind the magnetic field induced catalytic degradation of organic pollutants by using scavengers for each of the reactive species. Our results indicate that hydroxyl and superoxide radicals are the main reactive species in the magnetoelectrically induced catalytic degradation of organic compounds.
Magnetic nanostructures have been widely used as magnetically recoverable catalysts or as carriers for catalytic materials. [1] While magnetic nanomaterials have found widespread applications in tuning catalytic processes, a majority of the employed strategies focus on their motion to enhance the reagents' mass transport. [2] A next level of control can be achieved by forcing such magnetic nanoparticles to interact [3] or, alternatively, by coupling them to catalysts to enhance the reaction performance. [4] In previous investigations, magnetic fields only support the catalytic chemical conversion but never act as the ultimate trigger. Direct control of causality is fundamental in realistic scenarios, where the choice of the precise moment of actuation is critical. In this direction, magnetically induced heating has been demonstrated to initiate chemical catalysis on demand. [5] Here, we demonstrate a localized trigger for catalytic reactions via the direct magnetoelectric (ME) effect on the surface of multiferroic nanoparticles. Our ME nanocatalysis is able to decompose organic contaminants, such as dyes and various pharmaceuticals, without the involvement of any sacrificial molecules or co-catalysts. Our experiments revealed a rich interdependence between the applied magnetic field parameters and the reaction speed, which significantly improves the performance of catalytic reactions for environmental remediation.
Organic pollutants such as pharmaceuticals, pesticides and industrial chemicals are persistent compounds that are resistant to degradation through conventional processes and bio-accumulate in ecosystems, causing severe impacts on human health and the environment. [6] Towards this effect, billions of dollars have been invested annually to study new approaches capable of efficiently combating this global crisis. [7] Surface charges that can initiate redox reactions and form hydroxyl and superoxide radicals, can serve as an attractive approach for non-selective degradation of such organic pollutants. The occurrence of surface charges, thus, becomes the trigger to ignite such reactions and shifts the spotlight to any mechanism that can generate such surface charges on demand. The magnetoelectric (ME)
effect not only fulfills this requirement, but, also allows for wireless operation while restricting the targeted regions to areas where the ME materials are deployed. While theoretically possible, experimentally realizing this has been hindered by the dearth of ME materials and nanostructures that actually can be fabricated. Many research efforts have responded to this call by investigating the growth, characterization and operation of ME nanoparticles (NPs) in-depth.
Our main results are summarized in Figure 1 . We have investigated the capability of our core-shell ME NPs to initiate electrochemical processes under the application of alternating magnetic fields ( Figure 1a ) by studying the degradation of a model organic pollutant, rhodamine B (RhB). Degradation curves obtained for RhB under alternating magnetic fields for CFO-BFO and controls are presented in Figure 1b . From this figure we can observe that the control sample (without any NPs) and the CFO NPs sample displayed a negligible response under alternating magnetic fields. BFO NPs, showed a slight decrease in RhB concentration (22%), which can be attributed to the weak coupling between the ferromagnetic and ferroelectricity of BFO at room temperature. [8] In contrast, core-shell CFO-BFO NPs demonstrated an elevated RhB degradation efficiency of 97% within 50 min ( Figure   1b ). We were also successful in extending our novel approach for degradation of a cocktail of five commonly used pharmaceuticals, Carbamazepine, Diclofenac, Gabapentin, Oxazepame and Fluconazole [6b, 9] . Figures 1c and S1 show that all five pharmaceuticals were degraded with over 80% efficiency. These results confirm our hypothesis that our ME NPs can be used to simultaneously target a wide variety of organic compounds in a non-selective approach.
This further highlights the advantage of using our approach over conventional ozone treatments for pharmaceutical removal in wastewater treatment plants, which is known to display a negligible reactivity towards a vast variety of ozone-resistant such as Gabapentin,
Oxazepame and Fluconazole. [10] The magnetoelectric nanocatalysts used in this work consist of magnetostrictive cobalt (II) ferrite (CoFe2O4, CFO) cores coated with multiferroic bismuth (III) ferrite (BiFeO3, BFO) shells. CFO NPs were fabricated by a hydrothermal synthesis approach by carefully tuning the growth conditions to obtain single-crystalline and phase-pure NPs. A co-precipitation method was employed to form CFO NPs using NaOH solution to form precipitates of iron and cobalt hydroxides. [11] CTAB was used as the surfactant to control the nucleation and shape of the CFO NPs. [12] This mixture was then sealed in an autoclave and placed in an oven at elevated temperature for hydrothermal treatment. Core-shell magnetoelectric (ME) CFO-BFO NPs were fabricated by coating the CFO NPs with a BFO precursor via a sol-gel approach, followed by annealing the NPs to crystallize the BFO shell. The crystalline structure of the CFO and CFO-BFO NPs was analyzed using transmission electron microscopy (TEM) and X-ray diffraction (XRD). XRD patterns ( Figure   2c ) showed that for CFO NPs all peaks can be assigned to the pure Fd3m structure of Figure 2g and shows that the BFO shell is also single crystalline.
The spots in the SAED pattern have been indexed according to the R3c structure of BiFeO3.
The ferroelectricity and magnetoelectricity of a single core-shell NP was directly probed using piezoresponse force microscopy (PFM) under an external magnetic field. A conductive cantilever tip was used in contact mode to apply an alternating voltage to the CFO-BFO NP and induce piezoelectric surface oscillations, which were sensed through the cantilever deflection. To investigate the ferroelectric and magnetoelectric coupling effect in our CFO-BFO NPs, local piezoresponse hysteresis loops were obtained at random locations of an NP (Figure 3a , b) by sweeping the applied DC bias, while simultaneously measuring the phase and amplitude response. The excitation voltage waveform was programmed to be a stepwise increasing pulsed DC voltage that was superimposed on a small AC voltage. In order to minimize the possible interference caused by electrostatic forces, the AC response signal was acquired only during the off-phase of the voltage pulse sequence. [14] From the phase loop presented in Figure 3a it can be clearly observed that the BFO shell exhibits polarization reversibility both with and without the application of the external magnetic field. From this image it is clear that BFO's polarization directions can be switched at both polarities of the tip DC-bias voltage. Both piezoresponse phase loops are horizontally shifted, a trend that can also be observed from the amplitude curves with asymmetric butterfly shape ( Figure 3b ) [15] This asymmetry in the loops can be attributed to many factors, such as the imprint effect, internal bias fields inside the materials, and/or due to a work function difference between the top, Pt-coated Si probe and the bottom gold electrode. [16] The coercive voltages for the BFO shell measured without magnetic field are -4.69 V and 2.65 V, respectively. When the magnetic field was applied, the coercive voltages changed to -3.47 V and 3.06 V, respectively.
This smaller coercive voltage obtained under a magnetic field indicates that the strain generated in the magnetostrictive CFO core was effectively transferred to the shell, facilitating the polarization reversal process in BFO. This is indirect evidence of strain mediated magnetoelectric effect in the core-shell CFO-BFO NPs. The positive coercive voltage change (0.41 V) is smaller than the negative coercive voltage change (1.22 V). The asymmetric change indicates that there is an offset of the center of the piezoresponse loop under the magnetic field, which is caused by an electric field generated by the magnetoelectric effect. [14b, 17] The magnetoelectric coupling coefficient is defined as, where ∆H is the change in magnetic field and ∆E is the change in the electric field caused by the external magnetic field. For our CFO-BFO NPs, the ∆E i.e. the offset of center of the loop upon application of magnetic field can be estimated to be ( and CoFe2O4@BiFeO3, which were evaluated by similar methods. [18] In order to further investigate this magnetoelectric coupling observed in our CFO-BFO NPs, we performed finite element simulations on a single core-shell NP under static magnetic fields. Figures 3c and S7 presents the strain distribution generated on the BFO shell when the core-shell NP was placed in an external magnetic field of 15 mT. From Figures 3d and S8, we can observe the corresponding electric potential gradient induced on the surface of the BFO shell, which is determined by the magnetoelectric coupling and the compliance matrix of the BFO shell.
From these simulations we can observe that, when subjected to external magnetic fields, a CFO-BFO NP can generate a local surface potential in the µV range, which can be exploited to initiate certain chemical reactions.
Towards this effect, we used our core-shell NPs to study the degradation trend of the organic pollutant RhB dye under magnetic fields. These degradation curves were already presented in Figure 1b and proved that only the core-shell CFO-BFO NPs were capable of removing 97% of the organic pollutant. This enhanced organic pollutant removal performance of CFO-BFO NPs can be attributed to the ME effect induced redox reactions that are responsible for the catalytic degradation of RhB. Quantitative analysis on ME effect-induced RhB degradation was performed by comparing the reaction rate constants k, which can be defined by,
where Co is the initial RhB concentration and C is the RhB concentration at time t. This calculation is based on the assumption that the kinetics of RhB degradation reaction catalyzed by the CFO-BFO nanostructures are (pseudo)-first-order reactions.
[19]
The effect of varying magnetic field strengths and frequencies on RhB degradation rate is shown in Figure 4a and b. We observed that increasing the magnetic field strength and frequency have a positive effect on RhB degradation rate. These results are also supported by the simulations performed on the core-shell NPs ( Figure S10 ). Based on these results, a magnetic field strength of 15 mT and a frequency of 1.1 kHz were chosen as our preferred magnetic field parameters for further degradation experiments (k-value of 0.0725 min -1 ). At these chosen parameters we also investigated the effect of concentration of BFO sol-gel precursor solution on the degradation efficiency of RhB to find the optimal CFO-BFO morphology for further experiments ( Figures S11-12 ).
In order to elucidate the magnetoelectric effect-induced RhB degradation mechanism, we performed trapping experiments of the prominent reactive species that are responsible for decomposition of organic pollutants. For this, degradation of RhB dye was carried out under the optimized magnetic field parameters in the presence of CFO-BFO NPs and different reactive species scavengers (Table 1) prepared by dispersing 0.1 g of dried CFO nanoparticles into 60 mL of the BFO precursor solution and sonicated for 2 h. This solution was then dried at 80 ˚C overnight, followed by annealing the dried powder at 600 ˚C for 2 h at a heating ramp rate of 10 ˚C min -1 .
Material characterization
Morphology of the resulting CFO NPs was studied by transmission electron microscopy (TEM, FEI F30), and scanning transmission electron microscopy (STEM, FEI F30).
Distribution of elements along the nanoparticles were studied by energy-dispersive X-ray (EDX) mapping using HAADF STEM (FEI Talos F200X). The crystallographic structure of the nanostructures was analyzed by X-ray diffraction (XRD) on a Bruker AXS D8 Advance X-ray diffractometer, equipped with a Cu target with a wavelength of 1.542 Å. Local crystallographic structure was studied by selected area electron diffraction (SAED).
Piezoresponse force microscopy (PFM) investigations were performed on a commercial atomic force microscope (NT-MDT Ntegra Prima). PtIr-coated Si probes, i.e. FMG01/Pt (spring constant k ~ 3 N m -1 ), were used, and the imaging contact force set-points were carefully controlled. To acquire local piezoresponse loops, ac signals (VAC = 0.5 V) were superimposed on triangular staircase wave with DC switching from -10 V to 10 V. To study change in piezoelectric response of the sample under magnetic field, an in-plane magnetic field of 1000 Oe was applied to the sample.
Multiphysics simulation of ME CFO-BFO NPs
The simulations were implemented in the commercially available software COMSOL Multiphysics based on similar examples from literature. 1, 2 The physics of our COMSOL model used to describe the ME effect was divided into magnetic fields, solid mechanics and electrostatics. Influences from the surrounding medium on the induced electrical surface potential are neglected and the relative permittivity and permeability is assumed to be 1. For these simulations presented in Figure 3 c-d, octahedral CFO NP with a diameter of 30 nm and a BFO shell with a thickness of 5 nm were selected as input parameters. An epitaxially grown BFO shell on the CFO core´s [111] plane was considered and implemented accordingly in the model. 3, 4 The magnetic field strength was fixed at 15 mT and applied on the boundaries of the medium along the global z-axis. Since the NPs are free to move in the surrounding medium, it was assumed that under magnetic field they align with the excitation field and hence, magnetostriction along the easy axis was considered. COMSOL was used to compute the magnetization gradients within the material by using the applied magnetic field and its corresponding magnetization values from the measured VSM hysteresis curve for CFO NPs ( Figure S6 ). The internal strain generated in a CFO NP under magnetic fields was governed by the following equation, where, is the strain along the z-axis, the magnetostriction parameter (λs,CFO= -273 ppm, λs,BFO=-0.002 ppm), the magnetization along the z-axis and the saturation magnetization of the CFO core. [5] [6] [7] The strain transfer from CFO core to the BFO shell was assumed to be ideal. 1 This strain in the BFO shell is converted into electric polarization on the surface of BFO. BFOs' piezo-electric coupling and compliance matrix with R3c symmetry are given by and were derived from literature.
2, [8] [9] [10] The remaining elastic and electric properties of the CFO core and BFO shell were also determined from literature. 
Trapping experiments
To investigate the degradation pathway behind magnetoelectric effect-induced catalysis, we performed trapping experiments by using different scavengers. AgNO3 (2 mM), ethylene diamine tetraacetic acid (EDTA, 2 mM), tert-butyl alcohol (TBA, 2 mM) and benzoquinone (BQ, 0.5 mM) solutions were prepared in a 2 mg L -1 RhB solution. For the catalysis experiments, 2 mg of CFO-BFO NPs were dispersed in 2 mL of RhB solution and placed inside the custom-built magnetic set-up. To probe the formation of OH • radicals, 0.5 mM terephthalic acid solution was prepared and subjected to AC magnetic fields with CFO-BFO NPs, after which the solution's intensity was monitored at 425 nm every 30 mins.
Magnetoelectric effect induced micro-pollutant degradation measurement
Experiments were performed to study the degradation of five common pharmaceuticals in the presence of our CFO-BFO NPs using AC magnetic fields. The pharmaceuticals chosen for this study were Carbamazepine, Diclofenac, Gabapentin, Oxazepam and Fluconazole, each having a concentration of 50 µg L -1 . 50 mg of CFO-BFO NPs were dispersed in 55 mL of above solution and placed inside the custom-built magnetoelectric set-up and subjected to the optimised magnetic field conditions under constant agitation, once the adsorption-desorption equilibrium was reached. After magnetic treatment, the NPs were removed from the solution using centrifugation and magnetic separation. To compare the efficiency of the magnetic treatment, a second sample set was prepared without being subjected to any magnetic treatment. Sample preparation for evaluating concentration of pharmaceuticals was done as described by Dasenaki et al. . 16 Briefly, 50 mL of samples were used. Samples were stored at 4 °C and were analyzed within 5 days. All samples showed a pH value between 1.9 and 2.1 and hence, samples were not acidified as reported before. 16 Before loading, Strata-XL cartridge were first conditioned with 6 mL of methanol and afterwards with 6 mL of ultrapure water. Conditioning process was done under gravity. Samples were loaded on the cartridges, also under gravity. After loading, cartridges were washed with 6 mL of pure water and subsequently dried under reduced pressure for 30 min. Target analytes were eluted with 6 mL of methanol. Solvent was evaporated under a gentle steam of nitrogen at 40 °C. Dried residues were dissolved in 100 µL of 0.1% formic acid in water. Five replicates of each sample were analyzed. Analysis was performed using a LTQ-XL linear ion trap (Thermo Scientific, San Jose (CA), United States ) mass spectrometer coupled to a Waters Acquity™ UPLC system (Milford (MA), United States). Gradient elution was done on a Waters BEH C18 column (2.1 x 50 mm, 1.7 µm). The mobile phase consisted of 0.1% formic acid in water (eluent A) and formic acid (0.1%) in acetonitrile (eluent B). The flow rate was set to 0.5 mL/min and the injection volume was 10 µL. Dwell volume of the UPLC system was 0.7 mL. can be seen that with increasing reaction time, RhB's concentration reduces dramatically. Figure S10 . COMSOL simulations performed on CFO-BFO NPs to study the potential generated on BFO shell under increasing magnetic field strengths. This plot clearly shows that increasing the magnetic field leads to an increase in the induced surface potential on BFO shell, a trend that supports the RhB degradation rates presented in Figure 4b . Figure S11 . COMSOL simulations performed on CFO-BFO NPs with varying shell thickness show that increasing shell thickness of BFO led to a lower absolute strain generation in the CFO core, presumably due to the clamping effects. Figure S12 . COMSOL simulations performed on CFO-BFO NPs with varying shell thickness and its influence on the potential generated on the BFO shell. An optimal BFO shell thickness was identified at 7.5 nm, which is close to the shell thickness of our fabricated core-shell structures, where the maximum electrical potential of 5.24 μV could be generated.
